(Received for publication, April 4, 1929) In a previous note) attention was drawn to a phenomenon of filtration-first noticed by Bronfenbrenner 2 in connection with bacteriophage--viz., that if tissue containing the viruses of either herpetic encephalitis or vaccinia are suspended in broth instead of saline, filtration of the viruses through diatomaceous filters is greatly facilitated, active filtrates being constantly obtained.
'No further work has been carried out with the virus of herpetic encephalitis except to ascertain the minimal lethal dose for a rabbit of the Berkfeld V filtrate. If a 5 per cent emulsion is made in broth of the brain of a rabbit dying of herpetic encephalitis, and the emulsion centrifuged, the minimal lethal dose of the supernatant fluid may be about 0.0008 cc., when injected intracerebrally, whereas the minimal lethal dose of the Berkfeld V filtrate of a supernatant fluid as virulent as this is about 0.06 cc. Thus only about 1 per cent of the virus passes through the filter.
Many filtrations of vaccinia pulp have been carried out since the previous communication, and a very active filtrate was obtained from each lot of material that has been tested, if certain conditions were observed.
Testing of the Filtrate
Every filtrate has been tested carefully for sterility (i.e., absence of visible bacteria), by taking at least 1 co. of filtrate, inoculating it into hormone broth and observing it during many days of incubation. Since the ,pulp, as taken from the calf, contains many and various organisms, it was not thought necessary to add x Ward, H. K., and Tang, F.-F., J. Exp. Med., 1929 ,, 49, 1. 2 Bronfenbrenner, J., J. Exp. Med., 1927 :FILTRATION O~' THE VIRUS O~" VACCINIA any test organisms to the material to be filtered. No growth was ever observed in the filtrate growth-control tube in the course of these experiments. Each filtrate was titrated on the skin of rabbits, and a measure of its activity was thus obtained. Titrations of the same filtrate on different rabbits gave nearly identical results, so that it was felt that a comparison of the titers of different filtrates could be justly made, even if they were not all carried out on the same animals. In carrying out the titrations, the filtrates were diluted 1:4, 1:16, 1:64, 1:256, etc., and 0.2 cc. of the undiluted filtrate and of the successive dilutions were injected intradermally into the shaven skin of normal, well-grown rabbits. Six titrations can easily be carried out on the same rabbit, with three rows of injections on either side of the vertebral column. A No. 27 gauge needle is used, and care taken that the injection is made actually into the skin, and not into the subcutaneous tissue. The reactions are read on the fifth or sixth day after injection. The maximum reaction is an inflamed swelling of firm consistency, about 12 ram. in diameter, sometimes necrotic in the center. As one approaches the endpoint of the activity of the filtrate, the reactions become smaller, the smallest detectable reaction being a pin-point papule. The reactions caused by the filtrate are indistinguishable from those following the injection of the unfiltered emulsion of vaccine pulp. The intradermal was used in preference to the scratch method in order to obtain more accurate readings.
The Conditions Necessary for Obtaining a Filtrate of Maximum A etivity
The technique in use at present will first be described, and then the various factors will be discussed.
Pr~ent Texhnique.--The scrapings from the caif--technically called the pulp--axe emulsltied and filtered as soon as possible after their removal from the animal. The pulp is weighed roughly, placed in a glass mortar and thoroughly ground with fragments of Pyrex capillary tubing. Enough hormone broth is then added to make a 5 per cent emulsion of the pulp. The broth is added slowly at first, and then in bulk, grinding being continued the whole time in order to obtain as homogeneous an emulsion as possible. The emulsion is then centrifuged at about 2,000 r.p.m, for 30 minutes, and the supernatant poured off. The supernatant fluid is then filtered through a Berkefeld V filter at a negative pressure of about 30 cm. of mercury. The filtrate is pipetted off into tubes and kept in the refrigerator. A small quantity of the filtrate is incubated with hormone broth for some days to test for the presence of bacteria.
The reactions following the intradermal injection into a rabbit of 0.2 cc. of this filtrate and of its successive dilutions, should be as given in Table I .
The Pulp
It was a matter of considerable surprise to find that, if the pulp was kept in the refrigerator for a few days before filtration, the filtrate was barely active, although the unfiltered emulsion had lost none of its activity. Further, the filtrate was inactive, if the pulp was ground up at once and glycerine added before storing in the refrigerator for a few days, and then filtering. Whatever the details of the mechanism of this phenomenon, it was thought likely that the change in filterability was bound up with oxidation of the tissue. And that this appears to be the case is shown by the following experiment:
Fresh pulp was ground up, emulsified in hormone broth and the emulsion centrifuged. The supernatant fluid was then poured off and divided into two parts. o * Here and in the following tables, -I-4--t--I-denotes the maximum reaction, and 4-a pin-point papule.
One part was kept in an open tube in the refrigerator; to the other part cystein was added so that a final concentration of 1:1,000 cystein was present, the tube was sealed with vaseline and placed in the refrigerator. This concentration of cystein is ample to prevent oxidation in a dosed tube, methylene blue being completely reduced. Both tubes were kept in the refrigerator for 7 days and then faltered through Berkefeld V filters. Both unfiltered emulsions and both filtrates were then titrated. The unfiltered emulsion in the open tube, theunfiiteredemulsion in the dosed reduced tube, and the filtrate of the latter all proved to be active up to the usual dilution, but the filtrate of the emulsion in the open tube Was only very feebly active, giving rise to but pin-point papules in the strongest dilutions. Whether this alteration in filterability in the oxidised tube was due to a lowering of the hydrogen ion concentration and consequent change in the charge on the virus has not yet been ascertained. The Filter.--The filters used in these experiments were the 2½ inch size Berkefeld V filters, autoclaved before using. The majority of them were new filters, but some had been used two or three times. The negative pressure, under which the filtrations were carried out, varied, but usually was about 30 can. of mercury, although occasionally it was as high as 60 cm., if filtration was slow. The rate of filtration varied with different filters, for reasons which are not understood, but unless filtration was very slow, the rate did not affect the activity of the filtrate. The rate of filtration of course gradually slows, and no more than 50 ee. were ever passed through one filter. Some of the broth filtrates show a slight opalescent haze, but this apparently has no relation to the activity of the filtrate. In one experiment a Berkefeld N falter and a Chambefland L1. bis candle were tried. In the case of the Berkefeld N, the undiluted filtrate gave rise to a slight reaction; in the case of the Chamberland, the filtrate was entirely inactive.
The Grinding MateriaL--In the preliminary experiment sand was used in the glass mortar to help in the grinding of the pulp. Carborundum was tried in place of the sand, but was no improvement. With the idea that perhaps these substances had an absorptive action on the virus, ground up glass was tried. Whatever the reason may be, it was found that Pyrex glass fragments were a definite improvement over sand or carborundum as a grinding material. This is shown in Table H .
To prepare the glass fragments, small pieces of 7 man. Pyrex tubing are drawn out into short capillaries, which are then cut into 25 ram. lengths and dry sterilized. Before placing the pulp in the mortar, the capillary tubing is ground up roughly, so that, when the pulp is added and grinding commenced, flying fragments of glass do not scatter the pulp over the bench.
The Broth.--The hormone broth is prepared in a somewhat different manner to that originally described by Huntoon. a 400 gin. of minced beef heart, 10 gin. of peptone and 5 gin. of salt are boiled for 15 minutes in 1 liter of water. The meat is then removed by straining through a wire sieve, 24 cc. of i~/1 NaOH added, and the broth autoclaved at 15 lbs. for 30 minutes. The broth is then allowed to stand over night. Next day the supernatant fluid is syphoned off, adjusted to pH 7.6 and autoclaved at 15 lbs. for 15 minutes.
Meat infusion broth without peptone, a buffered peptone solution, and saline have all been tried, but none of these are as effective a menstruum in which to suspend the pulp as hormone broth. This is shown in Table III . No further analysis than this has been made of the substance in hormone broth which aids filtration of the virus, but this subject is being investigated by a colleague in the laboratory.
The Properties of the Virus-containing Filtrate
A ctivity.--As one of the underlying ideas in this work was to obtain a sterile fdtrate for use in human vaccination, it was of importance to know in the first place how its activity compares with that of the unfiltered, non-sterile vaccine in general use. Table IV shows this comparison, which was carried out on the same rabbit on adjacent areas of skin. This table shows that the unfiltered virus in general use for vaccination is about sixteen times more active than the virus filtrate prepared according to the technique described above.
Survival.--In the second place, if the filtrate is to be used as a vaccine, it must be able to survive for a reasonable length of time in the refrigerator. Accordingly, tests were carried out from time to time to see if it was possible to detect any deterioration of specimens kept in the ordinary electric refrigerator. A filtrate prepared and titrated on Nov. 6 was kept in the refrigerator (about 8°C.) and titrated again on Jan. 22. In this period of 11 weeks, it had deteriorated to about half of its original strength, as is shown in Table V . Another tube of the same filtrate, kept in contact with the ice-block, but not quite frozen, had hardly deteriorated at all in this length of time, so it is evident that if the filtrate is frozen, it can be kept for long periods of time without any appreciable loss of its activity, and that it only deteriorates slowly at temperatures just above freezing.
As the filtrate loses its activity so slowly in the refrigerator, the irtfluence of glycerine was investigated by keeping the tubes at room temperature. This experiment brought out the fact that in a mixture of equal parts of glycerine and vaccinia filtrate, the virus died out sooner than in control tubes containing vaccinia filtrate alone.
The Nature of the Virus.--Since the virus was suspended in a fluid free from tissue cells and d6bris, an attempt was made to determine whether it was possible to concentrate the virus by centrifugation. 10 cc. of the filtrate was placed in a conical-ended centrifuge tube and centrifuged at about 2,500 r.p.m, for 4 hours. The supematant fluid was pipetted off, leaving about 0.1 cc. in the point of the tube. Both the supernatant and the residuary 0.1 cc. were then titrated out. The result is given in Table VI . Centrifugation thus causes a definite concentration of the virus at the bottom of the centrifuge tube. A more striking result was obtained with a filtrate which showed a slight haze when examined before centrifugation, and a distinct deposit in the point of the tube after centrifugation, but this result may have been due to the carrying down of the virus by the deposit. Certainly neither the haze nor the deposit was virus alone.
Microscopic examination of neither the whole filtrate, the residuary fluid nor the deposit yielded anything that could be said definitely to be the virus, although suggestive forms were seen in Giemsa preparations and in the dark field.
Complement Fixation.--A careful complement-fixation test was
carried out by Mr. Seastone, using a centrifuged concentrate of the vaccinia filtrate as antigen, and an immune calf serum which had a strong neutralizing action on the filtrate as antibody. The experiment was completely negative.
DISCUSSION
These experiments have demonstrated once again the ease with which a very active sterile vaccinia filtrate can be obtained from vaccinia pulp, if certain conditions are observed. The essential factors in the preparation of such an active filtrate are 1. The use of fresh vaccinia pulp. 2. The grinding of the pulp with Pyrex glass fragments in a glass mortar.
3. The emulsification of this ground-up pulp in hormone broth.
4. Centrifugation of the emulsion and the passage of the supernatant fluid through a Berkefeld V filter.
In the filtration of a virus, assuming that the virus is particulate in nature, there are obviously three fundamental factors governing the passage of the virus through the pores of the filter--the size of the virus; the size of the pores of the filter; and what might be termed its "freeness," meaning by that term its ability to pass through the pores of the filter with no other impediment than that due to its size. Its passage could be prevented either by its adherence to, or retention in larger particles in the fluid to be filtered, or its adherence to the walls of the filter pores. It is probable that hormone broth is more efficient than saline in preventing the adherence of the virus to the walls of the pores, although the actual mechanism of its action is unknown. The glass fragments are probably more efficient than sand in grinding up the virus-containing tissue by reason of their sharp edges, but another reason may be that the virus adheres to the sand, and not to the glass. Another phenomenon which needs further investigation is the action of oxidation in preventing filtration of the virus from an emulsion of the pulp which has been exposed to air for some time, although here again it is probable that a change in the charge on the virus makes it adhere to the pores of the filter.
Although not as active as the unfiltered non-sterile emulsion which is in general use for vaccination against small-pox, a sterile filtrate can be prepared which approaches the former in strength and is probably quite active enough for the purposes of immunization. When inoculated on to the skin of a calf by the scratch method, the resulting lesions are indistinguishable from those from standard vaccine. A suitable technique for human vaccination has yet to be worked out. Theoretically, there should be more certainty and no danger with intradermal inoculation, as the fluid to be injected contains nothing living but the virus. If the scratch method be used, it would doubtless be necessary to add some substance such as glycerine to make the fluid sticky, as the filtrate alone (consisting mainly of broth) runs off the skin too readily.
Recent work has thrown considerable doubt on the presence in serums which neutralize filtrable viruses in vivo of antibodies reacting in vitro, and certainly no evidence was obtained in these experiments for the presence of agglutinins, precipitins, or complement-fixing antibodies in a serum which neutralized in vivo a filtrate containing the vaccinia virus, using the filtrate as the antigen in the in vitro experiments.
Previous differential centrifugation experiments with vaccinia virus have always shown a concentration of the virus in the lower part of the centrifuge tube, but as they ~have been carried out with an unfiltered emulsion, it could be argued that the virus was simply carried down or contained in the cells and cellular detritus. However, the experiment outlined above--in which a clear filtrate was centrifuged at only a moderate revolution rate--showed a fairly definite concentration of the virus in the lowermost layer. This and the almost complete retention of the virus by a Berkefeld N filter point to it as within the limits of visibility under the microscope. Suggestive forms were seen, but proof of their identity with the virus is still to seek.
It has also been shown in these experiments that at least one filtrable virus can survive perfectly well without the addition of glycerine, if it has been freed from its containing tissue by filtration, and indeed the addition of glycerine seems to be somewhat detrimental to its survival under these conditions. CONCLUSIONS I. A very active filtrate can be obtained from vaccinia lesions by grinding up the fresh tissue with glass fragments, emulsifying in hor-mone broth, centrifuging the emulsion and filtering the supernatant fluid through a Berkefeld V filter.
2. The sterile filtrate so obtained has been shown by comparative titration on rabbits to have about one-sixteenth of the activity of the non-sterile emulsion used in human vaccination.
3. Centrifugation of such a filtrate shows a partial concentration of the virus in the lowermost layer. ~' 4. The virus survives for a long time, if the filtrate is kept near the freezing point, and probably will survive indefinitely if kept frozen. The addition of glycerine is not necessary.
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